A survey of the available experimental data and the existing equations for the refractive index of water is given. The dependence of the molar refraction on wavelength, temperature, and density is shown over an extended range. Based upon the electromagnetic theory oflight an equation for the refractive index of water with wavelength, temperature, and density as independent variables is constructed. Its coefficients are directly deduced from all available experimental data by least-squares fit. The range of validity of wavelength is restricted by the theory for normal dispersion to 182 nm</L <2770 nm. The range of temperature and density is given by the available experimental data. Interpolations between the single measured points are possible and the following range of validity can be recommended: for temperature -10 ·C< T < 500·C and for density 0.0028 kg/m3 <p< 1045 kglm 3 • Good agreement exists between the new relation, the available experimental data, and several existing equations.
Introduction
The importance of optical measurement methods in various technologies is increasing. The advantage of these methods is that physical quantities can be measured without disturbing the system. The dependence of the refractive index of liquids on the influencing parameters is an oltl problem which has received much attention because experimental results vary significantly from the values inferred from the usual Lorentz-Lorenz formula. For this reason it is felt that the dependence of the refractive index of water on the influential parameters should be investigated further.
This work was initiated by Working Group III of the International Association for the Properties of Steam (lAPS), whose significant task is to formulate and standardize data on the thermophysical properties of water and steam for scientific and industrial use. The object of this work was to review the experimental data and existing equations and to formulate a representative equation for the refractive index of water and steam.
Available Data Sources
The refractive index of liquid water under atmospheric pressure has been measured repeatedly since the middle of the last century. All available data on the refractive index of @1985 by the U. S. Secretary of Commerce on behalf of the United States. This copyright is assigned to the American Institute of Physics and the American Chemical Society. Reprints available from ACS; see Reprints List at back of issue.
0047-2689/85/040933-13/505.00 water have been collected and presented to Working Group III of the lAPS at a meeting in Kyoto, Japan (1976) .54 This so-called "available input of data" is updated in the present work by adding all new measurements available (see Table   1 ).
This updated data collection includes about 3100 measured points by 55 different authors, where the new measurements by Schemer 57 for pressures up to 700 bar and on the saturation line, as well as the measurements of Achtermann I for vapor, should be mentioned. As can be seen in Fig. 1 most of the measurements were made at atmospheric pressure. Very few measurements have been done at wavelengths beyond the wavelengths of visible light (see Table 1 ). Measurements for the refractive index of subcooled water are available from four different authors. The temperature scale employed in this work is the 1968 International Practical Temperature Scale. 71 All temperatures measured before 1968 are transformed to this scale. For those authors who have not measured densities, the" 1967 IFC Formulation for Industrial Use" (IFC67) 72 and for pressures above l(XXl bar the equation of state by Juza 32 were used to calculate the specific volume.
A precise indication of the quality of the experimental data is not possible, because the measurements had been taken at various wavelengths in various regions of the thermodynamic surface. Therefore the scatter t:.n of the refractive index in the different experimental data may give an estimation of the quality. This scatter t:.n at one grid point is for liquid water from 0.0001 up to 0.001 at atmospheric pressure, up to 0.01 in the region near the critical point, and in the high pressure region. For vapor the tolerance of the experimental data is about 0.000 05 connected with a diminishing accuracy for pressures lower than 2 bar.
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Existing Equations
The available input of data by Scheffl.e~4 was followed by a bibliography of several existing equations and a comparison of these equations between each other and with the experimental data. 55 ,56 A survey of the existing equations is given in Table 2 . Regarding this tabulation, it is significant that none of these formulations considers the influence of wavelength, temperature, density, or pressure on the refractive index of water at the same time. The share of each influencing quantity is shown in Figs. 2-4 . In addition, the equations are restricted in range of temperature and only valid for the liquid phase. Therefore, it becomes obvious that a new formulation is necessary.
In 1979 the following equation for the refractive index ofliquid water as a function of wavelength, temperature, and pressure was presented at the 9th International Conference 
Ruhlmann 2 (1867) neT) The numerical values of the coefficients in Eq.
(1) determined with a least-squares method are listed in Table 3 . As reference temperature T b48 = 20 DC was chosen, which according to the 1968 International Practical Temperature Scale corresponds to a temperature of Tb = 19.993 "C and a reference pressure of Pb = I atm = 1.013 25 bar, since most measurements were carried out under these conditions. Using Eq. (1), the wavelength A, the temperature T, and the pressure P must be expressed in pm, °C, and bar, respectively_
Compared with the other equations, this equation for the refractive index of water, depending on wavelength, temperature, and pressure, has the advantage of being more exact with a wider range of validity. But in comparison with the new measurements by Achtermann I and ScheIDer,57 it must be remarked that this equation is applicable for liquid water only and the range of validity as a function of temperature cannot be enlarged. 6 
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New Formulation
For setting up the new equation we begin by examining the Lorentz-Lorenz formulation. This equation for the refractive index is based on the principle that for an infinitely long wavelength the right-hand side of the Eq. (2) is constant, called the molar refraction Rm:
Since in reality only finite wavelengths exist, the following restriction is valid here: this equation can only be used for substances where the refractive index shows little dependency on the wavelength. For the substance water the refractive index is a quantity which depends on the wavelength, as can be seen in Fig. 2 .
The properties of light, the interactions of the waves penetrating the body, and the matter present were taken into account. Based on the electromagnetic theory of light the following relation is valid for the refractive index n (see Born
where Mn = molecular weight, P = density, € = dielectric constant, a = polarizability, and NA = number of molecules per mole (Avogadro constant). If one considers the dipole moment arising from the oscillation of the negative planetary electrons against the positive nucleus and neglecting the damping forces, Eq. (3) can be simplified after some transformations to 7.089 664x 10-9 C 6 = -2.240 384x 10-8 which the refractive index increases with increasing frequency; the anomalous dispersion comprises those ranges in which the refractive index decreases with increasing frequency (see Fig. 2 ).
Examining the data (see Figs. 3 and 4) it can be seen that the molar refraction Rm not only depends on the wavelength but also on temperature and density. The influence of the temperature and density has been taken into account by empirical terms.
By combining the theoretical term incorporating the wavelength with empirical terms for the influence of temperature and density, the following dimensionless equation for the refractive index of water is obtained: The numerical values of the coefficients a j in Eq. (5) are determined with a least-squares method and are listed in Table  4 .
This equation has been proved wherever measurements are available (see Fig. 1 ). Since the dependence of this equation on the wavelength is well-founded on the theory oflight, interpolations between the single measured points are physi- For a constant wavelength the number of coefficients is reduced and Eq. (5) simplifies to
• T*2. (6) + 1 p* p* For instance the coefficients b i for the wavelength A Hg = 546.07 nm can be determined from Eq. (5) to the values as listed in Table 5 .
For computing the refractive index n, Eqs. (5) or (6) can be placed in the following form, where R is the abbreviation for the right-hand side of Eqs. (5) or (6): 
Comparison of the New Equation with Experimental Data and Other Equations
The new equation was deduced directly from the experimental data. On account of the small number of measurements a selection for a first data set was not possible and unreasonable. For the adaption of the coefficients all data were examined and some experimental data 11.12.21.24,40,53 which obviously differ from the others were excluded. When the refractive index n of water is computed with this equation and compared with the measured data, good agreement is obtained in the definition range. The equation fits the data within their anticipated errors. For demonstration, the deviations of all data available for the refractive index from the calculated values are shown in Figs. 6-8. A possible uncertainty of the equation cannot be assigned because of the small number and the variation in wavelength, temperature, and pressure of the experimental data. The mean scatter of 0.001 is indicated in Figs. 6-8 by dashed lines. Figure 6 shows that the new equation for the refractive index of water reflects the influence of the wavelength well.
Most of the data deviate less than 0.1 % from the computed values. A small number of measurements lie outside the range of the scatter of the measurements. Only for wavelengths greater than 2500 nm do the deviations rise significantly; however, very few measurements have been done at wavelengths beyond the wavelength of visible light. The increase of the deviation at a wavelength of 546.1 nm is reduc- 1 Table  1 ). The discrepancy near the temperature of 374.15 °C reflects the difficulty of measuring the refractive index of water near the critical point. Considering Fig. 7 , the equation coincides with the data of both liquid water and water vapor. The deviations at 20°C correspond to the measurements done for greater wavelengths. These deviations at greater wavelengths as well as the deviation at the critical point are demonstrated in Fig. 8 . This diagram shows that the new equation for the reflective index of water approximates well the whole pressure region.
As a result ofthe comparison ofEq. (5) (5) has a smaller number of constants and at the same time an enlarged range of validity, especially in the dependence on temperature. Moreover, the advantage is that the refractive index ofliquid water, as well as of steam can be computed by the formulation presented here.
An uncertainty of the new equation should be mentioned. The temperatures have been surveyed only up to the critical point and measurements of wavelengths greater than those of visible light are available only at atmospheric pressure. The range of validity for the wavelength dependence is limited by the theory for normal dispersion, but there is no theoretical restriction for the validity of the temperature and density dependence of the new Eq. (5). As far as measure-ments are available the equation has been tested and good agreement is achieved. Extrapolations out of the recommended range of validity seem to be possible. because the measurements for the refractive index of water of Yadev 69 up to 8200 bar can be reproduced by this equation within an accuracy of 0.3% and the measurements ofZeldovich 70 up to 145 900 bar (not induded in Fig. 1 ) within an accuracy of 3%.
A comparison of the densities calculated by Eq. (8) from measured wavelength, temperature, and refractive index with the experimental data and values of densities computed with the IFC67 72 and the equation of state by Haar, Gallagher, and Kelf 4 from the measured temperature and pressure has been carried out. As can be seen in Table 1 density measurements were executed only by Born, 6 Rosen, 49 Waxler, 64 Y adev, 69 and Zeldovich. 70 The standard deviation of the densities computed by Eq. (8) is somewhat higher than those calculated by the equations of state as indicated in Table 9 . Therefore the simple Eq. (8) can be recommended for computing the density whenever only measurements of temperature, wavelength, and refractive index are available.
Summary
For the refractive index of water a survey of the available experimental data sources is given followed by a summary of the existing equations. Since none of these formulations considered the influence of wavelength, temperature, density, or pressure on the refractive index at the same time, a new equation for the refractive index of water was established. Considering the electromagnetic theory of light an equation with variable wavelength, temperature, and density was adapted. The range of validity of wavelength is restricted by the theory for normal dispersion; the range of temperature and density is given by the available experimental data, where interpolations between the single measured points are physically possible. This new equation for the refractive index of water, whose coefficients have been directly deduced from the experimental data by least-squares fit, describes with great accuracy the dependence of the refractive index on the wavelength, temperature, and density for liquid water as well as for steam in the range of its validity. Good agreement with all available experimental data is obtained. The deviation from computing the density with another international accepted equation of state, such as the IFC67, is so small compared with the scatter of the experimental data that it can be neglected. Compared with other existing equations the new formulation presented here is as good as the others in their range of validity. The improvement must be seen in the fact that this formulation covers a wider range of validity in the liquid and vapor state. In addition, the equation presented here has the advantage that it can be solved for the density as an explicit parameter. In the opinion of the authors new measurements are still desirable to improve the formulation.
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